Expression of a mouse opsin transgene containing three point mutations (V20G, P23H, and P27L; termed VPP) causes a progressive photoreceptor degeneration that resembles in many important respects that seen in patients with autosomal dominant retinitis pigmentosa caused by a P23H point mutation. We have attempted to determine whether the degree of degeneration induced by expression of the transgene is influenced by albinism, a genetically mediated recessive trait that results in a deficiency in melanin formation in pigmented tissues throughout the body. Litters of albino and pigmented mice (normal as well as transgenic) were reared in either darkness or cyclic light. Retinal structure and function were evaluated by light microscopy, electroretinography (ERG), and retinal densitometry. The data were consistent in demonstrating that at similar ages, the extent of photoreceptor degeneration was greater in transgenic albino animals than in their pigmented counterparts. The albino VPP mice had significantly fewer cell bodies in the outer nuclear layer of the retina, a larger reduction in ERG amplitude, and a lower rhodopsin content in the rod photoreceptors. These structural and functional differences could not be attributed to the greater level of retinal illumination experienced by the albino retina under normal ambient conditions, because they persisted when pigmented and albino mice were reared in darkness from birth. Although the explanation remains unclear, our findings indicate that the rate of photoreceptor degeneration in VPP mice is adversely affected by the existence of the albino phenotype, a factor that may have implications for the counseling of human patients with retinitis pigmentosa and a familial history of other genetic disorders.
Expression of a mouse opsin transgene containing three point mutations (V20G, P23H, and P27L; termed VPP) causes a progressive photoreceptor degeneration that resembles in many important respects that seen in patients with autosomal dominant retinitis pigmentosa caused by a P23H point mutation. We have attempted to determine whether the degree of degeneration induced by expression of the transgene is influenced by albinism, a genetically mediated recessive trait that results in a deficiency in melanin formation in pigmented tissues throughout the body. Litters of albino and pigmented mice (normal as well as transgenic) were reared in either darkness or cyclic light. Retinal structure and function were evaluated by light microscopy, electroretinography (ERG), and retinal densitometry. The data were consistent in demonstrating that at similar ages, the extent of photoreceptor degeneration was greater in transgenic albino animals than in their pigmented counterparts. The albino VPP mice had significantly fewer cell bodies in the outer nuclear layer of the retina, a larger reduction in ERG amplitude, and a lower rhodopsin content in the rod photoreceptors. These structural and functional differences could not be attributed to the greater level of retinal illumination experienced by the albino retina under normal ambient conditions, because they persisted when pigmented and albino mice were reared in darkness from birth. Although the explanation remains unclear, our findings indicate that the rate of photoreceptor degeneration in VPP mice is adversely affected by the existence of the albino phenotype, a factor that may have implications for the counseling of human patients with retinitis pigmentosa and a familial history of other genetic disorders.
Key words: dark-rearing; albinism; pigmented mice; retinitis pigmentosa; electroretinogram; rhodopsin density; transgenic mice Familial studies of autosomal dominant retinitis pigmentosa (ADRP) have shown that many individuals afflicted with the disease possess mutations in the rhodopsin gene that do not appear in unaffected family members (for review, see Berson, 1993) . The causal relationship of some of these point mutations has been supported by studies in which a mutant rhodopsin gene is introduced into the mouse genome. Transgenic mice develop a progressive photoreceptor degeneration, whereas nontransgenic littermates do not (Olsson et al., 1992; Naash et al., 1993a,b; Sung et al., 1994; Li et al., 1995) . Naash et al. (1993a) described a line of transgenic mice that express a mutant mouse rhodopsin gene under the control of the mouse rhodopsin promoter. The transgene incorporates three point mutations near the N terminus. One of these is the substitution of histidine for proline at position 23 (P23H), a mutation that is seen also in human patients with ADRP (Dryja et al., 1990 Berson et al., 1991; Kemp et al., 1992) . The other two mutations involve the substitution of glycine for valine at position 20 (V20G) and of leucine for proline at position 27 (P27L); they were included to enhance antibody recognition of the mutant rhodopsin. Neither the V20G nor the P27L mutation has been associated with human ADRP, and different strains of mice with glycine at position 20 show no signs of retinal degeneration (Baehr et al., 1988; Al-Ubaidi et al., 1990) . Mice expressing this transgene are referred to as "VPP," to identify the amino acid substitutions (Naash et al., 1993a (Naash et al., ,b, 1996 Goto et al., 1995 Goto et al., , 1996 . Histologically, VPP mice exhibit an age-related reduction in the length of the rod outer segments and a concomitant loss of photoreceptor nuclei (Naash et al., 1993a,b; . These progressive changes are associated with a decrease in the rhodopsin content of the photoreceptors and a decline in the amplitude of the rod-mediated electroretinogram (Naash et al., 1993a; Goto et al., 1995) . These and other functional abnormalities (see Materials and Methods) are consistent features of human ADRP induced by a P23H mutation. In the human condition, however, phenotypic heterogeneity between afflicted members of the same family, in terms of both age of onset and severity of the disease, is a surprisingly frequent phenomenon (for review, see Applebury, 1992) . Among the many variables that may be responsible for this diversity are gene products that interact with the expression of the defective opsin, as well as undetermined environmental conditions (Applebury, 1992) .
In an attempt to identify factors that modify phenotypic expression of opsin mutations associated with retinitis pigmentosa, we are exploring the effects of polygenic disease, in which the prod-ucts of other gene defects may alter the photoreceptor degeneration associated with various forms of ADRP. In the present study, we examine whether there are differences in the severity of retinal degeneration between albinotic and pigmented VPP mice. It is important to stress that the retinas of albino mice that do not express the transgene seem entirely normal from birth to maturity, and there is no indication in the results of functional tests of any gross retinal abnormalities. However, because pigmented transgenic mice reared in a cyclic light environment experience a more rapid degeneration than animals reared in darkness , it was essential in assessing the results of the present study to distinguish between adverse effects associated with polygenic factors and those that may be attributable to the greater level of retinal illumination to which the albinotic retina is exposed. Accordingly, comparative data were obtained from animals reared in darkness as well as under routine low-intensity cyclic-light conditions.
MATERIALS AND METHODS
The transgenic VPP mouse. The mice used in these experiments were derived from matings of albino or pigmented normal breeders to albino and pigmented animals heterozygous for the VPP transgene, respectively. The normal breeders were generated from matings of C57BL/6 with FVB mice after outbreeding the rd locus; both the breeders and the VPP mice had the same genetic background. Because the transgene is passed in Mendelian fashion (Naash et al., 1993b) , approximately half of the offspring in each litter were normal and half expressed the VPP mutation. Normal and transgenic mice were distinguished by PCR analysis of tail DNA, as described in detail elsewhere (Naash et al., 1993a . The phenotype of transgenic animals mimics in many respects that seen in human patients bearing a P23H mutation in the opsin gene (Naash et al., 1993a,b; Goto et al., 1995; . The functional defects in P23H patients that are seen also in VPP mice include evidence of a gradual rod degeneration that spares cones in its initial stages (Dryja et al., 1990) , an unusually slow rate of rod dark adaptation (Kemp et al., 1992) , and visual sensitivity losses that can be ascribed solely to the reduced probability of quantal absorption resulting from the diminished rhodopsin content of the rods (Kemp et al., 1992) . In addition, TUNEL labeling of retinal whole mounts from cyclic light-reared pigmented animals revealed a higher incidence of photoreceptor cell death in the inferior retina , the region most severely affected in patients with the P23H mutation Stone et al., 1991; Kemp et al., 1992) . A similar pattern of degeneration was seen in VPP albino animals (our unpublished observations).
The progressive degeneration observed in VPP mice is likely to reflect a direct effect of the mutant protein and not an effect of opsin overexpression (Olsson et al., 1992; Sung et al., 1994) , because the total opsin mRNA measured in VPP mice is not different from that in nontransgenic littermates at early ages [postnatal day 10 (P10) and P15] before the onset of degeneration (Cheng and Naash, 1995) . Moreover, the levels of mRNA transcripts for the transgene and endogenous opsin are equivalent in VPP at all ages analyzed and decline in parallel with the decrease in ONL thickness (Cheng and Naash, 1995) . Thus, as in human ADRP patients, the genes for normal and mutant opsin are expressed in similar amounts in VPP mice. On the basis of previous experience with this model, we restricted our analysis to 2-month-old mice, an age at which there is clear evidence of degenerative changes and at which time functional studies can be reliably conducted (Goto et al., 1995; .
Pregnant females were placed into one of two light conditions, and the offspring were raised from birth in that environment. The cyclic-lightreared mice were raised under a 12 hr light/dark cycle with cage illumination of ϳ7 ft-c during the light cycle. Dark-reared animals were raised from birth in complete darkness, and husbandry was performed under dim long-wavelength illumination. Except for light conditions, both groups of animals were treated similarly, and no differences were detected in body weight or in the general appearance of mice raised in the two environments.
Electroretinography (ERG) . Electroretinograms were recorded from anesthetized mice by using procedures described previously (Goto et al., 1995; Naash et al., 1996) . Mice were transported to the recording room in a light-tight box and were dark-adapted overnight. A darkadapted luminance-response function was obtained for strobe flashes (t Ͻ 1 msec) over a luminance range of Ϫ3.13 to 0.85 log cd sec/m 2 . Stimuli were presented in order of increasing luminance, and the responses to two successive flashes were averaged; the interflash interval was 30 sec for the dimmer stimuli and 1 min for the more intense stimuli. At the end of a recording session, the mice were sacrificed by cervical dislocation, and the eyes were processed for histology or rhodopsin measurements. Procedures for animal care and experimentation were approved by the Animal Care Committees of the participating institutions.
Histology. Enucleated eyes were opened at the ora serrata and placed in 0.1 M phosphate buffer, pH 7.4, containing 2% formaldehyde, 2.5% glutaraldehyde, at 4ЊC. After overnight fixation, the anterior segments were discarded, and after three rinses in phosphate buffer, the eyecups were post-fixed in 1% OsO 4 in buffer for 90 min. After dehydration through a graded ethanol series, eyecups were infiltrated ultimately with a 1:1 mixture of Epon/Araldite; 1 m sections were stained with azure-II-methylene blue. The sections were cut approximately along the horizontal meridian and passed through the optic nerve. Photoreceptor nuclei were counted in a microscopic field that was centered at 300 m from the edge of the optic nerve head and extended laterally across 70 m of the outer nuclear layer (ONL).
Rhodopsin densitometry. Measurements of rhodopsin density were obtained in situ with a microscope-based fundus reflectometer (Dowling and Ripps, 1970) , which was adapted for transmission measurements through the intact eyeball of albino mice (Ostroy et al., 1992) . In the case of pigmented animals, reflection measurements of the isolated flat-mounted retina were made as described previously (Goto et al., 1995) . Absorbance difference spectra were derived from density differences (⌬D ) recorded at 24 wavelengths ranging from 420 to 700 nm; ⌬D represents the change in absorbance between the dark-adapted retina and the retina immediately after a 1 min exposure to an intense yellow (Wratten 16; 460 mW/mm 2 ) light (cf. Ripps and Snapper, 1974) . Figure 1 shows representative histological sections of retinas from normal albino mice reared in cyclic-light ( Fig. 1 A) or in darkness (Fig. 1 B) . The micrographs demonstrate that the light conditions under which the normal animals were reared had no effect on retinal histology. These images are nearly identical to those of normal pigmented animals illustrated in an earlier study . The remaining panels show results from VPP mice that were either albino (Fig. 1C,D) or pigmented ( Fig. 1 E,F ) , and reared either in cyclic-light (Fig.  1C ,E) or in darkness (Fig. 1 D,F ) . Sections taken from the pigmented VPP mice (Fig. 1 E,F ) illustrate two of the features that had been described previously with regard to the degenerative process. (1) At two months of age, the ONL of cyclic-light-reared VPP mice is reduced in thickness to ϳ40% of the normal, and there is a concomitant decrease in the length of the rod outer segments (cf. Naash et al., 1993a ; and (2) pigmented mice reared in darkness display a less severe degeneration than age-matched animals raised in typical cyclic-light conditions (cf. Naash et al., 1996) . A similar situation obtains for the albino VPP mice. Comparing the micrograph in Figure 1C with 1 D again shows that the preservation of visual cells is greater in dark-reared than in cyclic-light-reared transgenic mice.
RESULTS Histology
It is important to note, however, that regardless of the lighting conditions under which the animals were reared, the degenerative changes are more pronounced in albino than in pigmented VPP mice. Fewer receptor nuclei are seen in the dark-reared albino retina (Fig. 1 D) than in the aged-matched, dark-reared pigmented animal (Fig. 1 F) , and the photoreceptors of cyclic-lightreared albinos are almost completely devoid of outer segments (Fig. 1C) , whereas those of light-reared pigmented VPP mice show a greater retention of outer segment membrane (Fig. 1 E) . The histological data are quantified in Figure 2 , where the bar graphs illustrate the average (Ϯ SEM) number of cell bodies present in the ONL. Under both environmental light conditions, the retinas of albino mice had significantly fewer photoreceptor nuclei than their pigmented counterparts. Clearly, the observation that albino VPP mice reared in darkness from birth exhibit a more severe degeneration than pigmented animals reared under similar conditions indicates that differences in the degree of degeneration cannot be attributed to a disparity in the level of retinal illumination.
ERG
The ERG recordings from albino and pigmented VPP mice were consistent with the histological findings. Figure 3A shows typical recordings made in response to the highest intensity stimulus flash (0.85 log cd sec/m 2 ) from normal mice (top waveforms), pigmented VPP mice (middle waveforms), and albino VPP mice (bottom waveforms). Although there is evidence of rod degeneration in both strains of VPP mice, the decrement in response amplitude is greater in the albino mice. These observations are summarized in Figure 3B : the ERG a-wave was larger in pigmented VPP mice than in their albino counterparts. Again it should be emphasized that the loss of response amplitude was significantly greater in dark-reared albino animals; i.e., differences in retinal illumination cannot account for the observed differences between albino and pigmented transgenic animals.
Rhodopsin densitometry
Rhodopsin measurements provided further confirmation of the results shown in the previous sections. Figure 4 presents average density difference spectra obtained from the retinas of pigmented and albino VPP mice reared under cyclic light (Fig.  4 A) or in darkness (Fig. 4 B) . Because the quantitative data obtained with the different spectrophotometric methods used to analyze albino and pigmented retinas are not strictly comparable, the results for the VPP animals in each case are plotted relative to the difference spectra obtained from normal littermates (dashed line). When graphed in this fashion, it is apparent that the loss of rhodopsin in the retinas of albino VPP mice was significantly greater than in pigmented animals, and that this difference obtains regardless of the conditions of illumination in which the mice were reared.
DISCUSSION
The results of this study indicate that the progressive photoreceptor degeneration caused by the mutant VPP transgene is exacerbated by coexpression of the genetic aberration that causes albinism. Compared with pigmented transgenic animals, VPP albino mice had a more severe degeneration as measured by the survival of photoreceptor cells, the retention of electroretinal sensitivity, and the rhodopsin content of the retina.
Although at no time during the course of these experiments were the VPP mice exposed to light intensities that are known to induce photic damage in normal animals (Organisciak and Winkler, 1994), it was important to establish that the differences between the two strains did not result from the inherently greater level of illumination to which the albino retina was exposed. The retinas of genetically inbred strains of albino mice have been shown to be particularly susceptible, in varying degree, to photic injury induced by prolonged exposure to moderately intense levels of ambient illumination (LaVail et al., 1987; Naash et al., 1989) ; ocular pigmentation protects against light damage primarily by reducing the effective retinal irradiance (Rapp and Williams, 1980) . However, results obtained from mice reared from birth in darkness clearly preclude the possibility that this environmental factor was the cause of the more severe degeneration seen in albino VPP mice as compared with pigmented mice bearing the transgene. Although dark-rearing retarded the degeneration in both groups of mice, the differences between albino and pigmented mice were nevertheless retained.
The genetic pathway by which albinism affects the disease process induced by a mutation in opsin has yet to be identified, but it has been suggested that the phenotypic heterogeneity that exists among retinitis pigmentosa patients with the same opsin mutation Heckenlively et al., 1991) may result from some aspect of the complex interaction of the point mutation with other gene products (Applebury, 1992) . Interestingly, this type of reaction may not require a gene product that is itself associated with a degenerative process. Several cases of retinitis pigmentosa resulting from mutations in two unlinked photoreceptor-specific genes, ROM1 and peripherin/RDS, were reported recently (Kajiwara et al., 1994) . Because only double heterozygotes develop retinitis pigmentosa, and it is not known whether an abnormal phenotype would result from homozygosity for either of these alleles, the authors refer to the condition as a form of "digenic" disease.
In the present study, the interaction involves oculocutaneous albinism, an autosomal recessive disorder caused by a deficiency in tyrosinase, the enzyme that catalyzes melanin formation. The genetic defect is expressed early in embryogenesis, resulting in the absence of melanin granules and generalized hypopigmentation (Carr and Siegel, 1979; Kuwabara, 1979) . Many visual pathway defects are associated with albinism in man and animals (cf. Dräger and Olsen, 1980; Guillery, 1986) , and it has been suggested that the loss of the Ca 2ϩ -buffering capacity of melanin may be responsible for some of these neurological aberrations (Dräger, 1985) . Moreover, the absence of melanin in the normally pigmented retinal epithelium can exert a deleterious effect on photoreceptor development (Stone et al., 1978; Choudhury, 1981; Kinnear et al., 1985) , which in turn may increase the severity of a disease in which the normal disk renewal process is already compromised (Ripps, 1982; Sung et al., 1994) .
In sum, our results stress the importance of considering the potential influence of other genetic defects, as well as environmental factors, in counseling patients with retinitis pigmentosa. Although the phenotypic manifestation of polygenic disease is difficult to assess, it is increasingly evident that correlative information culled from family history as to the degree of heterogeneity among afflicted family members may help eventually to identify the elements that contribute to this diversity.
